We present a non-universal U (1) X gauge extension and an additional global Peccei-Quinn (PQ) symmetry to the Standard Model (SM). The scheme proposed allows us to distinguish among fermion families and to generate the correct ansatz of mass matrices to obtain the fermionic mass spectrum in SM. The symmetry breakdown is performed by two scalar Higgs doublets and two scalar singlets, where one of these has the excitation associated with the axion which turns out to be a candidate for dark matter. The exotic sector is composed of an invisible axion a, one up-type T and two down-type J 1,2 heavy quarks, two heavy charged leptons E, E and one additional right-handed ν e,µ,τ R neutrino per family. In addition, the large energy scale associated with the spontaneously breaking of the PQ-symmetry provides a solution to the strong CP-problem, also giving masses to the right-handed neutrinos in such manner that the active neutrinos acquire eV -mass values due to the see-saw mechanism.
Introduction
Recently, a scalar field was discovered in the LHC collider at ATLAS [1] and CMS [2] with a mass of 125 GeV, which is a fundamental piece to understand the mechanism of symmetry breaking and mass generation in the Standard Model of electro-weak interactions (SM) [3] . The Higgs discovery suggests the possibility of considering new scalar fields. Among the most studied extensions are Two Higgs Doublet Models (THDM) and an additional singlet scalar field [4] . Initially, it was proposed to understand the mass differences between the up and down quark sectors [5] by considering two vacuum expectation values (VEV) for each scalar doublet. Another possibility is to assume an additional scalar singlet, in this case we have the Next-to-Minimal model (N2HDM) [7] , where a new scale is associated with its VEV. This is useful when considering an additional U (1) symmetry [8] and the imaginary part would correspond to the would-be Goldstone of the new gauge boson. These models, with additional U (1) gauge symmetry, have been extensively studied in problems such as flavour physics [9] , neutrino physics [10] , dark matter [11] , among other effects [12] . These models also involve a new neutral gauge boson, which contains a large number of phenomenological consequences [13] . For the new U (1) symmetry to be free of chiral anomalies, it is necessary to extend the fermionic spectrum. In addition, the new symmetry requires an extended scalar sector to generate the symmetry breaking and obtain heavy masses for the new gauge boson and the exotic fermions. U (1) X -non universal models in the quark sector have been proposed in [8] , giving textures with zeros that generate hierarchical structures. Additional, phenomenological consequences of these models have been studied in [14] , [15] , [16] , including the scalar sector to study effects in Dark Matter (DM). A complete review of these possibilities can be found in reference [17] .
From the phenomenological point of view, it is possible to describe some characteristics of the mass hierarchy by assuming Yukawa matrices with zero textures [18] . Models with flavour horizontal symmetries can produce mass hierarchies. For example, SM with discrete symmetries can obtain the Fritzsch ansatz [19] and they can describe the mass of the quark sector and the CP violation phase observed in the experiments. These mass structures can also be obtained in the lepton sector, as Fukugita, Tanimoto and Yanagida shows [20] , where very small mass values for neutrinos are found by a seesaw mechanism. On the other hand, these models need Majorana right handed neutrinos which by their Yukawa couplings can induce matter-antimatter asymmetry through leptogenesis [21] . The square mass differences imply the neutrino oscillations which have been confirmed by many experiments. From solar neutrinos as in Homestake [22] , SAGE [23] , GALLEX & GNO [24] , SNO [25] , Borexino [26] and Super-Kamiokande [27] ; from atmospheric neutrinos as in IceCube [28] ; neutrinos from reactors as KamLAND [29] , CHOOZ [30] , Palo Verde [31] , Daya Bay [32] , RENO [33] , and SBL [34] , and neutrinos from accelerators as in MINOS [35] , T2K [36] , and NOνA [37] . The experimental data are compatible with the hypothesis that at least two species of neutrinos have mass, where the neutrinos left-handed are linear combinations of mass eigenstates, and the mixing angles are given by the matrix of Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [38] , [39] . On the other hand, the experiments have not determined if the active neutrinos are Majorana or Dirac. The small masses of the neutrinos, without using fine tuning, can be obtained by two methods, by means of radiative corrections [40] or through the seesaw mechanism [41] . The seesaw mechanism is implemented by introducing a high-energy scale that violates the leptonic number and gives mass to the right handed neutrino, and the mixture to the electro-weak scale of this right handed neutrino with the left handed neutrino. The parameters are available in NuFIT [42] .
There are also other problems of fine tuning such as strong CP violation or naturalness problems of the mass of the Higgs field. To address these problems it is necessary to introduce new physics beyond the SM. Supersymmetric models allow to explain the cancellation of quadratic divergences of the mass of the Higgs field [43] . On the other hand, the anomaly associated with the U (1) A axial symmetry of the QCD generates the θ -term [44] , [45] known as the CP-problem [46] which is restricted by the electrical dipole moment of the neutron [48] and must be less than 10 −10 [49] . Through an anomala global Peccei -Quinn (PQ) symmetry [47] the strong CP problem can be solved. The sum of these two anomalies can explain the accidental cancellation and generates the small θ-term. However, the spontaneous global symmetry breaking produces a Nambu-Goldstone boson known as axion that must be invisible due to the restrictions of the colliders. On the other hand, from the cosmological limitations [51] , the scale of symmetry rupture must be of the order of 10 7 − 10 11 GeV. One way to make the axion invisible is to assume that there are additional exotic quark and singlet scalar fields with PQ charged, so that the axion is disconnected from the low energy physics, making it invisible [50] . Different variations of this model considering THDM allow the construction of other models with invisible axion [52] . An interesting framework is that the breaking scale of the PQ symmetry coincides with the scale that gives masses to the right-handed neutrinos necessary to generate the masses of neutrinos through seesaw mechanism. In this way, the solution of the strong CP problem is related to the generation of the light neutrino masses [53] .
In the reference [54] is studied the mass hierarchy of the fermions and their mixing angles using a U (1) X gauge symmetry anomaly free. The model contains additionally exotic up-like quark, two bottom-like quarks, two charged leptons and one right handed neutrino per family. Three right-handed sterile neutrinos were introduced to implement the inverse seesaw mechanism to understand the squared mass differences of the active neutrinos and the mixing angles. To generate the zeros of the mass matrices of the fermions, Z 2 symmetry was implemented. In addition, the model contains two Higgs doublets which give mass at three level to the third generation of fermions, and a scalar singlet to break the U (1) X gauge symmetry and give mass to the exotic particles. In the present work, we build U (1) P Q anomala PQ symmetry to replace the Z 2 symmetry, which generates the necessary zeros in the mass matrices to explain the mass hierarchy and solve the CP-problem. With the PQ symmetry breaking scale, the masses of the right neutrinos are generated, which, by seesaw, gives masses to the active neutrinos of the order of the eV .
U (1) X model construction
The naturalness problem associated with the mass hierarchy in the SM requires the use of new physics. In this context the addition of new U (1) gauge group allows to generate the correct hierarchy without introduce unpleasant fine tuning. This additional U (1) X symmetry is non-universal because the charge assigned in all fermion sectors are not the same. The gauge boson and coupling constant are identified as Z µ and g X , respectively. The conditions to generate the cancellation of anomalies under this new group requires the cancellation of the following triangle anomaly equations:
Thus, the introduction of exotic fermions is necessary in order that the assignment of X charges is non-universal to the different families. The new exotic sector has an up T and two down J 1,2 quarks. In the same way, in the leptonic sector two heavy charged leptons E, E and one right neutrino ν e,µ,τ R per family are required. The model in ref [54] introduces a discrete Z 2 symmetry in order to obtain the lagrangian with the appropriate ansatz to be able to Scalar bosons X U (1) P Q Higgs Doublets
Higgs Singlets Table 2 : Non-universal X quantum number and P Q-labels for SM and non-SM fermions.
Non-SM Quarks Non-SM Leptons
generate masses in the fermionic sector.
In the present article we introduce a new global anomalous symmetry U (1) P Q instead os Z 2 , whose charges are in table (1) for the scalar sector and in table (2) for fermion sector. These charges are taken in such a way that the allowed Yukawa parameters are equal to those generated by discrete symmetry Z 2 in [54] , i.e. through PQ symmetry is possible to explain the fermion mass hierarchy and solve the strong CP-problem at the same time. Similarly, the scale associated with the SSB of the PQ symmetry allows small masses for active neutrinos through the see-saw mechanism. Table (1) shows the necessary scalar fields for the electroweak symmetry breaking and the U (1) X gauge symmetry. Also, a σ scalar field is introduced in order to give masses to the lighter fermions through radiative corrections. An additional scalar singlet S is implemented to break the U (1) P Q -symmetry, generating a pseudo-Goldstone boson that turns out to be an invisible-axion [50] which obtains mass via non-perturbative effects.
The model also requires two Higgs doublets where the first VEV generate the top mass at tree-level and the second one gives mass to the bottom quark and the µ, τ -leptons at tree-level. On the other hand, the χ-singlet provides mass to the exotic charged particles at U (1) X -breaking scale, i.e. the order of the Z -mass, which has to be ∼ O(T eV ) according to the LHC restrictions [55] . Lagrangian density with Z 2 -discrete symmetry, as in the previous article [54] , for the quark sector is:
(with n = 1, 2). And the lagrangian for the neutral and charged leptonic sector has the following structure:
with i, j = e, µ, τ . In this model we do not introduce the Majorana fields N e,µ,τ R and ν e,µ,τ R get masses through the VEV of the S scalar field at PQ scale. These Lagrangians produce the mass matrices with the correct ansatz that allow to generate the mass hierarchy in the set of fermion families. In this work, the same Lagrangians are generated by restrictions imposed by the charges associated with the anomalous PQ symmetry instead of the discrete Z 2 -symmetry. Thus, the implementation of an anomalous PQ symmetry through a DFSZ model [58] generates the ansatz for the mass matrices of fermions, giving an explanation for hierarchy values and mixing angles.
The assignment of the PQ charges generates in the scalar sector several restriction on the scalar potential given by:
where the term proportional to λ 14 is necessary to avoid trivial PQ charges for the scalar sector. At this point it is worth mentioning that the VEV of S singlet is the one that generates the mass of the right-handed neutrinos.
After symmetry breaking all Higgs doublets and singlets acquire a VEV which allows to construct a squared mass matrix M 2 R for CP-even scalar particles in the (h 1 , h 2 , ξ χ , ξ S ) basis:
whereλ 5 = λ 5 + λ 5 . This matrix has Rank equal to 4. In order to obtain the eigenvalues, we use the VEV hierarchy v S v χ v to calculate them perturbatively. Through the scaling of couplings in the scalar potential in eq. (9), it is possible to made our model technically natural generating an explicit decoupling between SM and the neutral singlet on the PQ-scale. Then, requiring the relations:
is possible to build a natural hierarchy between the PQ and electroweak scale, without unpleasant fine tuning [56] . The leading-order contribution to the M 2 R -matrix is giving by:
So, at LO, the heaviest eigenvalues are decoupled from the electroweak scale and keeping only O(v 2 ) terms, the eigenvalues of the CP-even sector can be listed as:
where the lightest corresponds to the Higgs boson with mass of 125GeV , t β = v 1 /v 2 , λ 1 , λ 3 , λ 9 > 0 and a 14 < 0.
The pseudo-scalar matrix in the basis (η 1 , η 2 , ζ χ , ζ S ) is giving by:
where Rank of the matrix M 2 I is equal to 1. Thus, there are three zero modes, which implies the existence of three would-be Goldstone bosons associated with the vector bosons Z µ and Z µ and the other corresponding to the axion related with the breaking of the U (1) P Q which obtains mass by non-perturbative QCD effects. The massive state is related with the pseudoscalar boson A 0 with mass:
For the charged scalar sector, we have the rank 1 matrix:
which implies one would-be Goldstone associated to the W ± µ boson and one charged Higgs with mass equal to:
Gauge boson masses
The U (1) X symmetry generates an additional term in the covariant derivative:
and, after symmetry breaking, the
The neutral gauge bosons (W 3 µ , B µ , Z µ ) masses are obtained for the following matrix:
which have one eigenvalue equal to zero and two eigenvalues corresponding to the masses of the Z, Z bosons:
The matrix that diagonalized M 0 is given in [54] and has the form:
where t W = g g is the Weinberg angle and s Z is the mixing angle between Z and Z gauge bosons:
In order to define the mass eigenstates associated with the Goldstone bosons of the Z and Z gauge fields (19) , it is necessary to use the bilinear terms Z µ ∂ µ G Z that coming from the kinetic terms of the scalar fields. These contributions are expected to be canceled out with the bilinear terms originated in the gauge fixing. The gauge fixing condition has the form:
and, integrating by parts we have the relevant components as:
These terms are expected to be canceled with a contribution from covariant derivative. In order to get the Goldstone boson mass eigenstates it is necessary to rotate the expression (17) in function of the mass eigenstates as:
Taking the scalar φ 1 , φ 2 , χ fields, the contribution of the covariant derivative applied to the neutral components is:
Thus, matching the contributions of the covariant derivatives with the bilinear terms from the gauge fixing and replacing
, we obtain for Z µ and Z µ :
Under the approximation s Z ∼ 0, c Z ∼ 1, it is possible to write:
The definition of Goldstone bosons allows us to impose new conditions for PQ-charges in order to decouple the axion.
PQ charges
Under the U (1) P Q symmetry, the scalar fields transform as:
and the current associated with the PQ-transformation is given by:
which must be orthogonal with neutral currents at low energy
We can simplify the last expression using s Z from [54] :
Therefore, we can write the following restrictions:
In addition, the λ 14 term in the scalar potential (9) generates the following equation:
So using eqs. (37) , (38) and choosing the normalization condition
it is possible to write the PQ charges of the scalar fields as:
These charges with the ansatz for the fermion mass matrices coming from the PQ symmetry define the PQ charges of the fermions. Now, the idea is to express all charges of the quark and lepton sectors based on these four values. Through the lagrangian and the scalar potential structure it is possible to write down the following restrictions over the PQ charges for the up sector:
From eqs (41a), (41b), (41c) and (41d) it is possible to infer that
Leaving the terms x q 1 L and x q 3 L free and without loss of generality we can use
. Solving in function of the free parameters adding the last restrictions and the equation (41f), we can write:
The values of the PQ-charges allow the T L σU 1 R -vertex (41i) which is used to induce radiative corrections to 1-loop level and generate the up quark mass.
In the same way, lagrangian (7) enforces the following restrictions for the down-sector:
where a, b = 1, 2. The J L σD R couplings (45e) are necessary give masses of the down and strange quarks at 1-loop level. From eqs. (45a),(45c), (45d) and (45e-f) we obtain, respectively:
where we use the value of the x σ charge given in eq (44) .
Using the fact that the PQ-current is axial, we can put x q 1 L = x q 3 L = 0 without loss of generality. Therefore, we can obtain the whole set of the values of the PQ-charges in the fermionic quark sector as is shown in table (3) .
For the charged leptonic sector, the restrictions followed from the Yukawa lagrangians associated with the PQ-charges are:
In this case we take x µ L , x e L as free parameters. Thus, the other additional charges will be expressed in function of these ones. From eqs. (50a) and (50d) it is possible to see that x µ L = x e L and from eqs (50b) and (50e) we obtain x e e R = x e τ R . In table (3), we summarize the PQ charges for charged leptons.
In order to give masses to neutrinos, the restrictions over the PQ-charges are: . Therefore:
Finally, a set of PQ-charges that reproduce the same Lagrangian densities given in [54] due to the Z 2 -symmetry are obtained as shown in Table 3 .
Under this conditions, it is possible to build mass matrices for the up and down sector, P Q-label P Q-charge P Q-label P Q-charge SM Fermionic Isospin Doublets
Non-SM Quarks Non-SM Leptons Table 3 : Fermionic P Q-charge assignement according to the proposed lagrangian densities which are the same matrices given in [54] with Z 2 . Then:
After the diagonalization of the M 2 U , M 2 D matrices, the eigenvalues for the up-sector are given by:
For the down sector, the eigenvalues can be written as: The u, d and s quarks turn out to be massless, so it is necessary to introduce radiative corrections to the model. These corrections are shown in the Figure (1) in the diagrams (a) for the up sector, which adds small contributions to the M U matrix through the term:
where:
and σ is the small VEV of the σ scalar field. In this case m u ≈ Σ (u) 11 .
For the down sector, taking into account the coupling with the σ scalar field showed in diagram (b), the self energies generated at one-loop level for down and strange quarks have the form:
with a = 1, 2.
In relation to the charged leptonic sector, the PQ charges configuration allow us to build the extended mass matrix for the charged leptons as follows:
In the same way as in the model [54] , the electron does not acquire mass at tree level, so is necessary to implement radiative correction in order to produce finite mass, that corresponds to the Σ 11 entries as shown in the Figure (2) . Taking in account the interactions with the 
For the neutrino sector, the mass lagrangian at N = (ν L , ν C R ) T base is given by:
where i, j = e, µ, τ . After the SSB, the mass lagrangian has the structure:
Without loss of generality, we consider h ij S a diagonal matrix, where:
is the right-handed neutrino mass. Thus, in the ν L , ν C R basis the mass matrix can be written down as:
where
Performing the see-saw mechanism, the active neutrino mass matrix is given by:
In the reference [54] , light neutrinos obtained mass through inverse see-saw mechanism and in this case through see-saw type I mechanism. It is possible to identify the parameters of the two models (inverse with type I) in the following way:
Assuming that v 2 ≈ m τ and v S ≈ 10 10 GeV , then light neutrinos will have a mass of the order of eV and the squared mass differences will be fixed by the h νi 2e(µ) Yukawa couplings. We define the ρ-parameter as:
where we assume the hierarchycal behaviour M 1 < M 2 < M 3 , so the light-neutrino masses does not depend on the M 3 component. Taking into account this labelling, the neutrino oscillation treatment is reduced to that already studied in [54] . Thus, in order to make the model consistent with the neutrino oscillation data, the values of the Yukawa parameters are restricted to the same region. In particular for N O, we have:
and, for IO: ρ = 0.625.
The tables (4) and (5) in [54] show the N O and IO respectively, where is obtained assuming that |h 2 | ≈ 0.1 and the right-handed neutrinos obey the mass hierarchy:
Assuming that the Yukawa parameters are complex, the model provides a mechanism to study Barionic Asymmetry of the Universe (BAU) which can be obtained through leptonic asymmetry generated by right-handed neutrino. This right-handed neutrino remnant is coupled to sphalerons in the EW phase, thus producing baryogenesis. Defining the decay factor:
which satisfies the condition k 1 < 1 to maintain the leptonic asymmetry and avoid washout. Assuming that m * ≈ 1 × 10 −3 eV , v 2 ≈ m τ and |h 2e | ≈ 0.1, then the mass for the lightest right-handed neutrino is:
2e ) 11 × 10 3 × 10 9 GeV ≈ 10 10 GeV.
which is the appropiate value to explain both leptogenesis and see-saw type I mechanism.
Conclusions
The SM leaves several issues unexplained e.g. fermions mass hierarchy, the strong CP -problem among others. Using a U (1) X gauge extension, anomaly free which differentiates among families is introduced. In [54] a Z 2 discrete symmetry was used in order to generate the accurate ansatz in mass matrices to explain fermion mass hierarchy without use fine tuning in the Yukawa sector. Having the Yukawa Lagrangian, the Z 2 symmetry is exchanged for an anomalous PQ symmetry, for which the charges are fixed by using the scalar potential and the Yukawa Lagrangian. In order to make the axion invisible, it is decoupled at low energies from the Z and Z Goldstone bosons. The anomala PQ-symmetry found allows to solve the strong CP -problem.
The model requires two Higgs doublets, one of them gives masses at tree-level to the top and charm quarks where charm quark adjusts its mass through a see-saw mechanism with the exotic T quark and its mass becomes small with respect to the top, due to the cancellation of Yukawas, as is observed in eq. (57). The second Higgs doublet gives mass to the bottom quark and the charged leptons µ ans τ at tree-level. Light fermions are massless and these are generated by radiative corrections at one-loop level. For this, a σ-scalar field is required that mediates the transition from the ordinary to the exotic fermion that goes inside the loop.
In the case of active neutrinos, we changed the original inverse see-saw mechanism of the model by a see-saw type I mechanism, eliminating the Majorana fields N e,µ,τ R . The neutrino ν e,µ,τ R acquires mass through VEV of the scalar field S at the PQ scale i.e. S ∼ 10 10 GeV. The mass structure of active neutrinos is the same if we identify:
Therefore, the regions allowed for the Yukawa couplings h νj 2e , h νj 2µ in the NO and IO orderings is the same as that obtained in Tables (4) and (5) of ref. [54] , respectively. The right-handed neutrino ν 1 R with mass M 1 ∼ 10 10 GeV may be a candidate to explain the CP -barionic violation through leptogenesis.
